Abstract-A novel approach for designing planar dual-mode bandpass filters using symmetrical T-shaped stub-loaded steppedimpedance resonators (TSLSIRs) with high frequencies selectivity is presented. The proposed symmetrical TSLSIR structure is mainly composed of three elements, i.e., a stepped-impedance resonator (SIR), and two T-shaped stubs which symmetrically loaded at the middle sections of the SIR. Two dual-mode bandpass filters based on TSLSIRs with high frequency selectivity are proposed for experimental verification. Firstly, a dual-mode single passband filter with two transmission zeros located at the both sides of passband is presented, whose passband is centered at 5.23 GHz with the fractional bandwidth of 10.1%, and a wide upper-stopband with harmonic suppression better than 20 dB in the range of 5.9 GHz to 12.9 GHz is achieved. Secondly, a dual-mode dual-band bandpass filter with four transmission zeros located at the both sides of the two passbands is presented, whose two passbands are centered at 3.4 GHz and 4.54 GHz with the corresponding fractional bandwidth of 8.4% and 7.5% respectively, and the spurious frequencies from 4.9 GHz to 8.45 GHz are successfully suppressed to the level of lower than −20 dB. Both filters have been designed, fabricated and measured. The measured results show good agreements with those of the simulation.
INTRODUCTION
With the rapid development of wireless communication technology, the planar microwave filters with good frequency selectivity, compact size, and wide stopband have attracted much attention in recent years [1, 2] . Especially, the high-performance dual-mode bandpass filters have become attractive components [3] [4] [5] [6] [7] [8] since they can provide several advantages over other conventional bandpass filters [9, 10] , such as high frequency selectivity, good passband performances, and compact size. The primary planar microwave dual-mode filter was presented by Wolff [11] . Since then a lot of researchers have been investigating various dual-mode microstrip resonator structures.
The typical dual-mode microstrip resonators are based on geometric symmetry structures with perturbation elements at the symmetry plane, such as ring resonator [12] , square-ring resonator [13] , multi-arc resonators [14] , and open-loop stub-loaded resonators [15] etc.. On the other hand, the dual-mode dual-band bandpass filters have received increasing attentions [16] [17] [18] [19] [20] [21] because they have the advantages of good passband characteristics and compactness over other conventional dual-band bandpass filters. However, it is still a challenge to design single or dual passband dual-mode filters with sharp frequency selectivity.
In this work, a novel approach of the design of dual-mode single and dual passband bandpass filters based on symmetrical TSLSIRs with good frequency selectivity is proposed. Then two prototype filters have been designed and fabricated for experimental verification. By introducing source-load cross-coupling structure, additional finite-frequency transmission zeros can be generated near each edge of passband to improve the frequency selectivity and outof-band harmonic suppression. It may be seen that the proposed dual-mode single-band bandpass filter exhibits two transmission zeros which are located close to the passband edges, and the proposed dualmode dual-band bandpass filter has four transmission zeros whose locations are very close to the two passband edges to increase frequency selectivity. Both filters have been simulated and measured. The measurement results show good agreements with those of the coupling matrix analysis and electromagnetic simulation.
DUAL-MODE SINGLE-BAND BANDPASS FILTER
Figure 1(a) shows the layout of the proposed filter whose passband is centered at 5.23 GHz with the fractional bandwidth of 10.1%. The proposed filter consists of symmetrical TSLSIR and the capacitive source-load cross-coupling structure. The corresponding coupling scheme is shown in Figure 1 (b) and the source is coupled to both modes, represented by the solid lines, and so is the load. There is no coupling between the two modes. Furthermore, the source and load are also coupled through the weak-coupling path which is denoted by the dash line in Figure 1(b) . The proposed filter is fabricated on the Rogers RT/Duroid5880 substrate with dielectric constant ratio ε r of 2.2 and thickness h of 0.508 mm. The structure dimensions of this filter are given in Table 1 . 
Analysis of Dual-mode Symmetrical TSLSIR with Short-circuited Loaded Case
The proposed dual-mode symmetrical TSLSIR with short-circuited loaded case is illustrated in Figure 2 (a). Because the dual-mode resonator is symmetrical about the A-A plane, the odd-and evenmode theory may be employed to analyze it [15, 22] . Under the odd-and even-mode excitations, the dash line in Figure 2 (a) may be considered as a perfect magnetic wall and electric wall. In Figures 2(b) and (c), where Z ino and Z ine are the input impedances of odd-and evenmode resonances respectively. Z i is the characteristic impedance and θ i is the electrical length (i = 1, 2, 3). Ignoring the impact of step discontinuity and open-edge capacitance, the odd mode equivalent circuit of TSLSIR with shortcircuited loaded case is shown in Figure 2(b) , and the input impedance may be given as follow:
Z ino1 = jZ 1 tan θ 1 (1) Theoretically, the resonance condition of odd mode is Z ino1 = ∞ then the odd mode resonant frequency may be expressed as:
where n = 1, 2, 3, . . . , c is the speed of light in free space, ε eff the equivalent dielectric constant, and L 1 and L 2 are the parameters which shown in Figure 1 (a). From Eq. (2), it may be observed that the odd mode resonant frequency only depends on the L 1 and L 2 . The even-mode equivalent circuit of TSLSIR with short-circuited loaded case is shown in Figure 2 (c), the even-mode resonance occurs when Z ine1 = ∞ and the input impedance may be expressed as:
where
From Eq. (3), it may be found that the even-mode resonant frequency depends on the Z 1 , Z 2 , Z 3 , θ 1 , θ 2 and θ 3 . Substituting the parameter values of the proposed filter into the Eqs. (1), (2) and (3) and solving them with MATLAB program, the resonant frequencies may be obtained. The calculated resonant frequencies with different width parameters are shown in Figures 3(a) and (b). The horizontal axis is the width in mm, the vertical axis is the resonant frequency. As shown in Figure 3(a) , when W 1 , W 2 , W 3 varies from 0.1 mm to 5 mm respectively, the corresponding evenmode resonant frequencies change as following three cases: almost keeping the same, only increasing a little and increasing a lot. The Figure 3 corresponding coupling matrix M can be expressed as [23] :
Since the proposed dual-mode filter exhibits symmetry, the relationship among the coupling matrices presents M S1 = −M 1L and M S2 = M 2L , and the coupling between the two modes is 0. Furthermore, as the proposed S-L coupling structure is a capacitive coupling, the S-L coupling coefficient M SL < 0. According to the analysis above, the corresponding coupling coefficients [24] [25] [26] 
The normalized frequency response of the proposed filter under the coupling matrix in the Eq. (5) is shown in Figure 5 (a). For visual comparison with the electromagnetic simulated results, the frequency response curves of simulation and coupling matrix are combined, as shown in Figure 5 (b). It can be seen that the simulated results show good agreements with those of theoretical coupling matrix analysis.
As shown in Figure 5 (b), the simulated 3 dB passband is centered at 5.23 GHz with the corresponding fractional bandwidth of 10.1%, and the in-band return loss is less than −20 dB. Meanwhile, a wide upperstopband with harmonic suppression better than 20 dB in the range After investigating the characteristics of the dual-mode filter with source-load coupling structure, a photograph of the fabricated filter is shown in Figure 6 . The proposed filter is measured by use of an Agilent E5071C network analyzer, as shown in Figure 6 (a). Figure 6(b) shows the simulation and measurement results. The measured results show that the passband is centered at 5.22 GHz with the 3 dB fractional bandwidth of 8.5% which is in good agreements with those of the simulation, and the insertion loss and return loss are 1.3 dB and 18.4 dB respectively. Measured results show that the proposed filter has two transmission zeros, namely, TZ 1 and TZ 2 , which are located at 4.37 and 6.2 GHz with attenuations of 53.4 and 30.5 dB respectively.
DUAL-MODE DUAL-BAND BANDPASS FILTER WITH HIGH FREQUENCIES SELECTIVITY
The layout of the proposed dual-band bandpass filter with its two bands located at 3.4/4.5 GHz is shown in Figure 7(a) . It consists of a pair of symmetrical TSLSIRs. The coupling scheme of proposed filter is shown in Figure 7 (b). This structure has the advantage of that it may enable each passband to have high frequency selectivity. The final structure dimensions of the proposed filter are given in Table 2 . The filter is also fabricated on the Rogers RT/Duroid5880 substrate with dielectric constant ratio ε r of 2.2 and thickness h of 0.508 mm. shown in Figure 8(b) , and the input impedance may be expressed as:
Theoretically the resonance condition of odd mode is Z ino2 = ∞ and this implies:
Similarly, for even-mode excitation of TSLSIR with open-circuited loaded case, the equivalent circuit is depicted in Figure 8(c) , the even-mode resonance occurs when Z ine2 = ∞, and the Z ine2 may be expressed as:
Z1(Z2(Z3(C +Z3 tan θ3 ·D)+Z2 tan θ2(Z3 ·D−tan θ3 ·C))
From Eqs. (7) and (8), it can be observed that the odd-mode resonant frequency depends on Z 1 , Z 2 , Z 3 , θ 1 , θ 2 and θ 3 , and the even-mode resonant frequency depends on
Figures 8(c) and 9(a) both are the even-mode equivalent circuits of TSLSIR with open-circuited loaded. In Figure 8(c) , the length of the low impedance part of the stub is defined along horizontal orientation, whereas the low impedance part of the stub in Figure 9 (a) is defined along vertical orientation. The calculated resonant frequencies may be obtained by substituting the parameters of the filter into the Eq. (8) and solving the equation by MATLAB program. The calculated frequencies results of the two models with different θ 5 are shown in Figure 9 (b). For the equivalent circuit in Figure 8(c) , when the value of θ 5 is 0.038 λ g , i.e., 2.47 mm, the corresponding calculated frequency in Figure 9 (b) is 4.71 GHz; for the equivalent circuit in Figure 9 (a), when the value of θ 5 is 0.021λ g , i.e., 1.37 mm, the corresponding calculated frequency is 4.78 GHz. The measured center frequency of the second passband of filter is 4.56 GHz. The relative frequency deviation of horizontal model in Figure 8 that the calculated frequency in Figure 8 (c) is more accurate. So, the calculation of frequency should use the horizontal characteristic impedance and electrical length to ensure the accuracy of the evenmode equivalent circuit. The calculated resonant frequencies may be obtained by substituting the parameters of the filter into the Eqs. (4), (7) and (8) and solving the equations by MATLAB program. The calculated resonant frequencies with different width parameters are shown in Figures 10(a) and (b) . As shown in Figure 10 (a), when W 1 and W 2 vary from 0.1 mm to 5 mm respectively, the odd mode resonant frequencies will decrease, but the odd mode resonant frequencies with different W 3 will grow. Meanwhile the even-mode resonant frequencies with different W 5 will decrease a little, and the frequencies with different W 4 will almost keep the same. The Figure 10 resonant frequencies with different length parameters. As shown, when length parameters increase from 0.1 mm to 16 mm, the odd-and evenmode resonant frequencies will decrease almost linearly. Moreover it is can be observed that the impacting of the parameters of L 2 and L 3 on the odd mode resonant frequencies are almost the same and the same situation may also applies to the parameters of L 4 and L 5 . So, based on the odd-and even-mode characteristics in Figures 10(a) and (b) it is easy to adjust the parameter to the desired responses during the design process. Figure 10 (c) shows the comparison between the results of eigenmodes simulation and those of MATLAB calculation with different L 4 . It is observed that the calculated odd-mode frequency is about 3.56 GHz, the odd-mode frequency of eigenmodes simulation about 3.35 GHz, and the relative frequency deviation about 6.3%. Similarly, the frequency relative deviation between two even-mode curves in Figure 10 Figures 11(a) and (b) show the odd-and even-mode electric field patterns of the proposed filter, respectively. As shown in Figure 11 (a), the electric field is dominant only in left-and right-branches, and this mode is an odd mode. Meanwhile, it can also be seen that the two symmetrical T-shaped loaded stubs do not affect the responses at the odd-mode resonant frequencies. On the other hand, the electric field in Figure 11 (b) clearly shows that the electric field distributes in left-middle-and right-branches simultaneously and the electric field distribution is symmetric with respect to the middle-stub, therefore this resonance should be considered as an even-mode resonance. Figure 12 shows the week coupling analysis of the proposed filter. In Figure 12(a) , the even-mode frequency will move towards the lower frequency when L 4 increases, whereas the odd mode frequency will remain stationary. The same is true for Figure 12(b) . It can be seen that the two even-mode resonant frequencies may be flexibly controlled by changing the length of L 4 or L 5 , whereas the two odd modes resonant frequencies remain stationary. Figure 13 shows the bandwidth characteristics of the proposed filter with different separation distances S. It may be seen that the coupling gap S can tune the bandwidths of the two passbands effectively, when S increased from 0.15 mm to 0.3 mm, the bandwidth of the first passband decreases obviously, and the bandwidth of the second passband only changes a little. So, the desired bandwidth may be obtained by adjusting the coupling gap S, meanwhile the other performance is almost unaffected. Table 3 summarizes the fractional bandwidth of two passbands vs. different coupling gap S. In the Table 3 , the FBW represents the simulated 3 dB fractional bandwidth of passband. 7.9% 7.6% 7.1% Figure 13 . The analysis of the bandwidth with the varied S.
Dual-mode Dual-band Bandpass Filter Design
The coupling scheme of the proposed filter is shown in Figure 7 (b). As shown in Figure 7 (b), the emergence of the two passbands is due to the mutual coupling between the odd and even modes of the two dual-mode resonators, respectively. The two different coupling paths are independently controlled by odd and even modes, respectively. Because the taped feed line at the source side and the first resonator are an integrated structure, there should be a relative small coupling between the source and the second resonator. From this point, the source may be looked as directly coupling to the two modes of the second resonator [27] . The corresponding coupling path is shown in Figure 7 (b) with dashed line. For the same principle, there should exist a weak coupling between the load and the first resonator, i.e., there should also be a directly coupling path between the load and the two modes of the first resonator. Finally, because of the use of tapped feed line and the integrated structure between the source/load and the first/second resonator respectively, it may be seen that there is also a weak coupling between the source and the load, and it is also indicated in Figure 7 (b) with dashed line. Based on some previous work of filter synthesis [24, 27, 28] , the coupling matrix of the proposed filter in Figure 7 (b) is presented in Table 4 , and the normalized frequency response of the coupling matrix is shown in Figure 14 (a). Both frequency response curves of the simulation and coupling matrix are shown in Figure 14(b) . It can be seen that the simulated results show good agreements with the responses of coupling matrix.
For this proposed filter, the two passbands are centered at 3.4 GHz and 4.54 GHz with the 3 dB fractional bandwidth of 8.4% and 7.5%, respectively. Meanwhile, four transmission zeros (TZ 1 , TZ 2 , TZ 3 , TZ 4 ) are obtained at stopbands. Because these transmission zeros are quite close to the two passbands, very sharp increases of attenuations around the two passbands are observed. Between the two passbands there exists a high isolation characteristic with better than 47.4 dB suppression degrees in the range of 3.8 GHz to 3.98 GHz, at the same time the skirt selectivity between the two passbands is reasonably improved and the rejection of the spurious response from 4.9 GHz to 8.45 GHz is successfully suppressed to the level of lower than −20 dB. These properties should ensure good frequencies selectivity of the proposed filter. The proposed filter is measured by use of an Agilent E5071C network analyzer and the photograph of filter measurement is shown in Figure 15 (a). Figure 15(b) shows the simulation and measurement results with a photograph of the fabricated filter. The measured results show that two passbands are centered at 3.37 GHz and 4.56 GHz with the 3 dB fractional bandwidth of 5.9% and 6.5% respectively, and the insertion losses and return losses of two passbands are Figure 15 (b) also provides a comparison of the measured and simulated characteristics of the filter, and an excellent agreement is observed.
(a) (b) Figure 15 . 
Performance Comparisons
For comparison with the previous investigations, Table 5 summarizes the performance characteristics of some dual-mode dual-band bandpass filters, and it can be seen that the proposed dual-mode dual-band bandpass filter shows better relative upper-stopband bandwidth, high relative isolation bandwidth and good frequencies selectivity. In Table 5 , F o1 , F o2 , IL, RL TZs, FS, IS and USB are the centre frequency of first passband, the centre frequency of second passband, the insertion loss of passband in dB, the return loss of passband in dB, the number of transmission zeros, the frequencies selectivity of four edges of the two passbands, the maximum isolation between two passbands, and the upper stopband bandwidth with 20 dB rejection. Furthermore, the 20 dB relative isolation bandwidth (RIB) between the two passbands is given by RIB = 20 dB isolation bandwidth In Eq. (9), BW 1 and BW 2 are 3 dB bandwidth of the first and second passbands, respectively. The 20 dB relative upper-stopband bandwidth (RUSB) is also given by RUSB = upper stopband bandwidth centre frequency of upper-stopband × 100% (10)
CONCLUSIONS
In this paper, a novel approach for designing microstrip dual-mode bandpass filters based on symmetric TSLSIRs is proposed. Two prototype filters have been designed, fabricated and measured for experimental verification. The simulated and measured results show good agreements. Compared with the previous studies, the advantages of the proposed method not only achieve flexible designs for single or dual passband dual-mode filters, but also can obtain better characteristics such as good relative upper-stopband bandwidth, high relative isolation bandwidth, increased number of transmission zeros and good frequencies selectivity.
